INTRODUCTION
Deformation within tectonically active areas is mostly examined and determined using geomorphic, geodetic and geologic data (Dumont et al., 2005; Molin et al., 2004; Necea et al., 2005) . Recent tectonic activity along faults that are associated with continental deformation has given rise to varied tectonic landforms and landscapes (Giamboni et al., 2005; Gordon, 1998) . Geomorphic indices are useful tools to assess the tectonic activity/deformation along active faults, allowing sections of the fault to be dividing into
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geomorphic development along active faults and, neotectonics in Anatolia. The Adıyaman fault is a leftlateral strike-slip fault located in the continental East Anatolian Fault (EAF) zone. The Adıyaman fault was mapped by Aksoy et al. (2007) , but few studies have been undertaken along it despite being an ideal area to examine the RTA/uplift within a continental transform setting. We apply quantitative geomorphometric methods to assess its tectonic activity and to examine how deformation varies along its length. Ultimately, our research will aid in the evaluation of the Adıyaman fault for seismic hazard mitigation and as a guide for future active tectonic studies. Turkey KTJ MTJ E a s t A n a t o l i a n F a u l t E a s t A n a t o l i a n F a u l t D e a d S e a F a u l t D e a d S e a F a u l t N o r t h A n a t o l i a n F a u l t N o r t h A n a t o l i a n F a u l t Arabia Anatolia A f r i c a
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O F E F S F
A d ı y a m a n F a u l t 10 mm/year FIGURE 1. Shaded relief image (data from 30m Shuttle Radar Topography Mission (SRTM); Farr et al., 2007) of eastern Turkey showing the African, Arabian, Anatolian and Eurasian plates and major active faults (thick black lines). The Adıyaman fault is shown by a thick red line. Red and blue arrows indicate GPS velocities with respect to a fixed Arabian lithospheric plate, and blue and red circles indicate GPS measurement errors, according to Reilinger et al. (2006) and Aktuğ et al. (2016) , respectively. The inset map and box with white dashed lines show the location of the study area and 
REGIONAL SETTING OF THE STUDY AREA
Eastern Anatolia is a province characterized by a N-S compressional tectonic regime (Fig. 1) . Conjugate dextral and sinistral strike-slip faults that run sub/parallel to the North and East Anatolian fault zones are the most significant structural features in the region (Bozkurt, 2001) . Many of the faults in the eastern Anatolian region are seismically active and they have been the source of numerous destructive earthquakes, e.g. the September 13, 1924 Pesinler (M s =6.8), October 30, 1983 HorasanNorman (M s = 6.8), June 6, 1986 Doğanşehir (M s =5.6) and March 2, 2017 Adıyaman-Samsat (M w =5.5) (Ambraseys, 1989; Barka et al, 1983; Canıtez and Üçer, 1967; Eyidoğan et al., 1999; McKenzie, 1972; Taymaz et al., 1991; Toksöz et al., 1983) earthquakes. The EAF was first described by Allen (1969) who showed that it forms part of the transform boundary between the Anatolian and Eurasian, and the African and Arabian lithospheric plates. A series of faults run sub/ parallel or oblique to the main trend of the EAF zone (Hempton, 1987; Şaroğlu et al., 1992; Şengör et al., 1985; Taymaz et al., 1991; Westaway, 1994) . Views on the timing of initiation of the EAF range from Late Miocene to Early Pliocene (Arpat and Şaroğlu, 1972; Dewey et al., 1986; Hempton, 1987; Perinçek and Çemen, 1990; Şengör et al., 1985) . Extending ~75km in ~65ºNE direction, the Adıyaman fault is one of the faults that are parallel to the main EAF zone ( Figs. 1; 2) . The seismic record associated with the Adıyaman fault is characterized by low to moderate frequency of relatively small to moderate magnitude (M w =3.0-5.5) earthquakes. The M w =5.5 Adıyaman-Samsat earthquake was the largest recorded on the fault and occurred at 14:07 (local time) on March 2, 2017 (Fig. 3) . Major rock types along the Adıyaman fault zone include Plio-Quaternary undifferentiated continental clastic and carbonate rocks, Middle-Upper Miocene continental clastic rocks, and Upper Cretaceous ophiolitic mélange rocks (Fig. 4) . The age of the Adıyaman fault is poorly constrained, Şengör et al. (1985) and Dewey et al. (1986) suggested that the fault could have been initiated during the Late Miocene to Early Pliocene at the same time as the EAF. The total displacement of the Adıyaman fault is not known.
METHODS
We divide the Adıyaman fault into seven segments on the basis of changes in the trend of the fault trace (Fig. 5) . Mountain-front sinuosity (S mf ), valley floor width-to-height ratio (V f ), and stream length-gradient (S L ) were calculated for each of the seven segments. Geomorphic indices including catchment Asymmetry Factor (AF), basin hypsometric integral (HI) and hypsometric curves (HC) were calculated for the 39 catchments that cover the entire fault. All the catchments and streams were extracted from the 30m resolution Digital Elevation Model (DEM) of the Shuttle Radar Topography Mission (SRTM) data (Farr et al., 2007) , and from Google Earth TM satellite images.
FIGURE 2. Shaded relief image showing the trace of the Adıyaman fault indicated by yellow arrows (data from 30m SRTM; Farr et al., 2007) . The last earthquake Adıyaman-Samsat March, 02, 2017 Mw: 5.5 FIGURE 3. Seismotectonic of the study area. Digital Elevation Model (DEM) was generated from 30m SRTM data available at http://srtm.csi.cgiar.org. AdF: Adıyaman Fault; EAF: East Anatolian Fault.
38º00'E 38º20'E 38º40'E 37º40'N 37º40'N A d ıy a m a n f a u lt Many studies have used a combination of S mf and V f to provide a semi-quantitative assessment of the relative degree of tectonic activity along mountain fronts (Selçuk, 2016; Yıldırım, 2014) . A plot of S mf against V f was used to define three different classes of RTA, high, moderate and low (Bull and McFadden, 1977; Silva et al., 2003) . Rockwell et al. (1984) suggested that S mf values <1.4 and V f values approaching 1 indicate mountain segments tectonically highly active.
Mountain-front sinuosity (S mf )
The S mf index examines the balance between the tendency of erosion to produce an irregular or sinuous mountain front and the tendency active tectonics/faulting to create uplift and a relatively straight mountain front (Bull and McFadden, 1977; Tsodoulos et al., 2008) . Bull and McFadden (1977) defined S mf as:
where L s is the straight-line length of the mountain front and L mf is the length of the mountain front along the mountain-piedmont junction (Rockwell et al., 1984) . Values of S mf , close to 1.0 reflect relative straight mountain fronts associated with high tectonic activity, whereas higher S mf values (>3.0) indicate mountain fronts that are modified by erosion and are relatively tectonically quiescent (Bull, 2007; Pérez-Peña et al., 2010; Silva et al., 2003) . In this study, we calculated the S mf index for the seven segments defined along the Adıyaman fault.
Valley floor width-to-height ratio (V f )
The V f index is very useful in evaluating the relative rate of incision in areas of uplift. Vf values discriminate between V-shaped valleys, associated with rapid uplift and high incision, and flat-floored valleys. (Azor et al., 2002; El Hamdouni et al., 2008; Keller and Printer, 2002; Silva et al., 2003) . Bull and McFadden (1977) defined V f as:
where V fw is the width of the valley floor, E ld and E rd are the elevations of the left and rightvalley divides, respectively, and E sc is the elevation of the valley floor. In this study, V f values were calculated for 40 canyons (rivers, streams) along the studied fault zone (Fig. 6 ).
Stream length-gradient (S L )
The S L index was applied by Hack (1973) to examine the impact of rock resistance in streams channels in the south of United States. This index is very sensitive for evaluating the active faults and their tectonic activity degrees (Alipoor et al., 2011; El Hamdouni et al., 2008; Keller and Printer, 2002; Yıldırım, 2014) . The S L index is defined as:
where (∆h/∆t) is the local slope of the stream segment and l is the stream length from the drainage Tectonic activity of Adıyaman fault 6 divide to the midpoint of the stream reach for which the S L is evaluated (Hack, 1973) . S L were calculated every 50m-along the stream channels. S L values increase as streams and rivers go through active uplifts and may give lesser values when flowing parallel to valleys produced by strike-slip faults (Keller and Printer, 2002; Yıldırım, 2014) . To discuss the S L index, different classes of rock resistance were defined from very low, low, moderate, high, and very high strength.
Asymmetry Factor (AF)
The AF of a catchment is calculated to detect tectonic tilting at the whole range scale and was defined by Hare and Gardner (1985) and Pérez-Peña et al. (2010) as:
where A t is the catchment area to the right of the main trunk stream and A r is the drainage area of the whole catchment. If the catchment is symmetric, AF should be ~50 reflecting little or no tilting, whereas higher or lower AF values indicate that the catchment shows a high degree of tilting. AF values include the AF-50, which is the difference between the neutral value of 50 and the measured values (El Hamdouni et al., 2008) . For the evaluation of the RTA Perez- Peña et al. (2010) , Giaconia et al. (2012) and Selçuk (2016) defined four classes of asymmetry: symmetric (AF-50<5), gently asymmetric (AF-50 of 5-10), moderately asymmetric (AF-50 of 10-15), and strongly asymmetric (AF-50>15). In our study, the AF was calculated to 39 different drainage systems along the Adıyaman fault. We define three classes of asymmetry following El Hamdouni et al. (2008) as: i) class 1, with strong asymmetric (AF-50>15); ii) class 2, with intermediate asymmetric (AF-50 of 10-15); and iii) class 3, with low asymmetric (AF-50 of 5-10).
Hypsometric Integral and Curve (HI and HC)
Hypsometric analysis has been widely used in geomorphology and hydrology, particularly in tectonically active areas (Chen et al., 2003; Ciccacci et al., 1992; D'Alessandro et al., 1999; Lifton and Chase, 1992; Ohmori, 1993; Strahler, 1952; Willgoose, 1994; Willgoose and Hancock, 1998) . Lifton and Chase (1992) , e.g. examined the relationship between tectonics and hypsometric analysis in the San Gabriel mountains in California and found a strong correlation between the uplift rate and the hypsometric integral (HI). HI describes the distribution of area and altitude of a given area of a landscape particularly a catchment and is defined as:
where E mean is the mean elevation value, E max is the maximum elevation value, and E min is the minimum elevation value.
A hypsometric curve (HC) is the representation of the distribution of area and elevation within the drainage catchment. From hypsometric analysis we define three classes in our study: i) class 1, a convex HC with HI>0.5; ii) class 2, a S-shaped or straight HC with HI=0.3-0.5; and iii) class 3, a concave HC with HI<0.3. High HI values are related to young active tectonics and low HI values to older landscapes that have been more eroded and less impacted by recent active tectonics (Keller and Pinter, 2002; Mahmood and Gloaguen, 2012; Pérez-Peña et al., 2010) . The HI and HC values were calculated for 39 catchments along the Adıyaman fault.
Relative Tectonic Activity (RTA)
Using the methods of El Hamdouni et al. (2008) , we classified each of the geomorphic indices, AF, HI, and HC, into three classes (1 to 3) and calculated an average class value that we call G av . Using the G av we define three RTA classes: i) class 1 is 0.5<G av <2 (high tectonic activity); ii) class 2 is 2≤G av >2.5 (moderate tectonic activity); and iii) class 3 is G av ≥2.5 (low tectonic activity).
RESULTS
Mountain-front sinuosity (S mf )
Values obtained in the mountain-front sinuosity analysis range from 1.22 to 1.00. The highest S mf value (1.22) is recorded along segment 1 (NE) and the lowest value (1.00) in segment 6 (SW). The results confirm that there is a clear decrease in the S mf index values from segment 1 (NE) to 7 (SW) along the examined fault (Table 1 ; Fig. 5 ).
Valley floor width-to-weight ratio (V f )
The V f index values for the streams along the study fault range from 0.30 to 1.72, indicating that most of the valleys are V-shaped (Table 2; Fig. 6 ). The mean Vf values gradually decrease from segment 1 to 7 (Table 1; Fig. 7 ).
Stream length-gradient (S L )
The S L values show a variable distribution along the stream channels draining into the fault zone and range from <50 to >200. S L values gradually increase toward the mountain-front of each segment. In several locations along the fault zone, the distribution of S L index has anomalously high values on relatively soft rocks. The highest and most anomalous spots of the S L index are recorded along all the fault segments. Valleys that flow parallel to segments 3, 5, and 6 reflect the lowest values of the S L index (Fig. 8) .
Catchment Asymmetry Factor (AF)
AF values range from 27 to 86 (Table 3 ; Fig. 9 ). Along the study fault, catchments 4, 6, 7, 8, 21, 26, 27, 29, 32, and 
Hypsometric analysis
Most of the catchments have convex and complex HC (Fig. 10A, D) . Catchments 4, 15, 16, 22, 26, 28, 32, and 34 have concave HC (Fig. 10B) . Catchments 2, 8, 14, 25, and 39 have S-shaped HC (Fig. 10C ). The catchments with the convex HC probably have high rate of uplifting. The complex shapes of HC could be due to active continuous erosion at the head and foot of the streams and/or stream piracy events, most probably due to active tectonics in conjunction with lithological control factors (Giaconia et al., 2012 G av values range from 1.00 to 2.66. Class 1 RTA (high tectonic activity) is mainly concentrated in the middle part of the Adıyaman fault, while the middle part of the eastern and western areas have RTA ranging from class 1 to 2 (intermediate to high tectonic activity). Only catchment 28 in the western part of the Adıyaman fault have a RTA class 3, indicating relatively low tectonic activity (Fig. 11) . 61.50-76.60% values of RTA were of class 1, 21.00-35.80% of class 2, and 02.40-02.60% of class 3 ( Fig. 12A; B) . Averaging of the geomorphic indices classes of the active tectonics G av and values of RTA are summarized in Table 5 .
DISCUSSION
The relative motion between the northward movement of the Arabian lithospheric plate and westward movement of the Anatolian lithospheric plate occurs along the EAF zone in eastern Turkey, with slip rates between 6 and 10mm/yr and a high rate of seismic activity (Aktug et al., 2016) . The EAF zone incorporates the Adıyaman fault that parallels the EAF trace. The morphotectonic analysis has been useful to examine the relative tectonic activity of the Adıyaman fault.
In our study, the S mf and V f chart confirms that all segments of the Adıyaman fault are of class 1 (Fig. 13) , which indicates uplift rates <0.5mm/yr (e.g. Bull, 2007; Mayer, 1986; Rockwell et al., 1984; Silva et al., 2003) . The values of S mf and V f signify that there is a clear general coherency between them along the whole segments except segment 7 (Table 2 ; Fig. 7 ). In the study area, S L index values generally increase abruptly in the same rock units and record many anomalous points along all fault segments that reflect tectonic signals (Fig. 8) . Also, because of mountain-fronts occur along low and very low rock strengths, S L values confirm that each fault segment is active, with activity to impact the gradients of the channels (Yıldırım, 2014 Tectonic activity of Adıyaman fault 12 the Adıyaman fault is an active fault. The distribution of the geomorphic indices values confirm that the fault segments which are associated with different values of mountain-fronts reflects different rates of RTA (Table 5 ).
According to the RTA analysis in the study area, about 69.05% of values are of class 1 (high RTA), 28.04% suggests moderate RTA (class 2), and 2.5% shows the lowest values of RTA (class 3). Thus, more than half of A . K h a l i f a e t a l . Tectonic activity of Adıyaman fault 14 the study fault is tectonically highly active in terms of the apparent geomorphic indices values.
In the northern and central regions of Turkey, morphotectonic analysis was applied to define the RTA of faults, including the North Anatolian and Tuz Gölü faults (Selim et al., 2013; Yıldırım, 2014) . Selim et al. (2013) estimated the morphotectonic indices and confirmed that the southern branch of the North Anatolian fault has RTA classes 1 and 2. The RTA of the Tuz Gölü fault zone in Central Anatolian was examined by Yıldırım (2014) who showed that each segment of the Tuz Gölü fault is highly active (class 1).
Our analysis of the geomorphic indices of the Adıyaman fault suggest that it is an intermediate to high activity fault (Table 5 ). All fault segments have the highest RTA (class 1) ( Table 1 ; Fig. 13) and the results from G av and RTA analysis indicate moderate to high RTA (classes 1 and 2) along the entire study area. Based on our morphometric analysis, the Adıyaman fault is characterized by shorter recurrence intervals and/or the potential for large earthquakes. Yıldırım (2014) highlighted that most of the seismic risk and hazard investigations concentrate on high-strain regions characterized by destructive earthquakes and high slip-rates. Nonetheless, the recently recorded large earthquakes in continental regions with low-strain and slow slip-rates, e.g. Van Lake in Turkey in 2011 (Fielding et al., 2013) suggest that it is important to undertake similar studies in less strained regions, such as in eastern Turkey. The Adıyaman fault, characterized by a high RTA (class 2), poses a significant seismic hazard in the eastern Anatolian region. The March 2, 2017 Adıyaman-Samsat (M w =5.5) earthquake is an evidence of this view.
The geomorphometric analysis does not directly indicate fault slip rates but helps highlight the potentially strong interaction between faults motion, earthquakes and surface processes that create landforms. Thus, the morphometric studies can provide a very good assessment of the RTA degrees of the fault segments.
In eastern Turkey, the continuing northward drift of the Arabian plate with respect to Eurasia resulted in the Anatolian plate extrusion along the North and EAF (Şengör et al., 2005) . The sinistral strike-slip EAF zone represents the main transform structure in this area. The EAF zone comprises some pure transform strike-slip faults that are parallel to the motion between Arabian and Anatolian lithospheric plates, where other faults are oblique to the plate motion (Bozkurt, 2001) . The EAF zone is very complex region that contains many pull-apart basins (Hempton et al., 1981) , as well as folded and thrusted units (Arpat and Şaroğlu, 1972) . The seismicity was observed along ~20-30km-wide zone along strike of the EAF (Bulut et al., 2012) . The seismicity of the EAF zone that records large destructive earthquakes, e.g. May 22, 1971 Bingöl (M w =6.6) earthquake indicates a high rate of tectonic activity along the main trace of the fault (Ambraseys, 1989) . Bulut et al. (2012) suggested a systematic migration of moderate and micro-size (M w =2.5-5.5) earthquakes from the main EAF into adjacent faults confirming progressive interaction between the major trend of the EAF zone and its secondary structures. However, the RTA results of Adıyaman fault that offer a moderate tectonic activity rate, suggest that it is of secondary importance compared to the EAF zone in accommodating the regional deformation of Anatolia. This is consistent with GPS studies (Aktuğ et al., 2016; Reilinger et al., 2006) that show most displacement is occurring across the EAF as compared to the Adıyaman fault. Rockwell et al. (1984) .
Tectonic activity of Adıyaman fault 15 fault. The fault is divided into three classes of RTA based on G av values. The entire fault is moderately to highly active, classes 2 and 3, based on the RTA analysis. The more active tectonic areas are concentrated in the middle and eastern parts of the fault, segments 2, 4, 5, and 6. Similarly, the western stretches of the fault have a high degree of RTA, while the eastern part indicates moderate to high degree of tectonics. The values of S mf , V f , and S L with RTA values in the central and western stretches of the fault likely reflect a higher seismic risk with respect to the eastern parts of the fault zone. In eastern Turkey, the motion between the Arabian and Anatolian lithospheric plates resulted in the formation of the active East Anatolian strike-slip fault with secondary parallel strike-slip faults such as Adıyaman fault. The linear indices and RTA analysis suggest that the Adıyaman fault is of secondary importance compared to the EAF in accommodating the relative motion between the Arabian and Anatolian lithospheric plates.
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